Interference between arboviruses in a naturally infected tick vector is reported for the first time. Rhipicephalus appendiculatus nymphs were dually infected with Thogoto (THO) virus, a tick-borne virus, similar to members of the family Orthomyxoviridae. In the first series of experiments examining 'inter-stadial' interference, larvae were orally infected with a temperature-sensitive (ts) mutant, and after moulting the nymphs were superinfected with the wild-type (wt) virus. In the second series of experiments examining 'intra-stadial' interference, nymphs were dually infected by interrupted feeding; the time interval between infective feeds was either shorter than 24 h or lasted for 10 days. Interference was demonstrated by the inability of wt virus to replicate in ticks previously infected with ts virus. Both inter-and intra-stadial interference were observed and complete interference was detected in 78 % of dually infected nymphs. A pool of dually infected ticks, in which intra-stadial interference had been detected, failed to transmit the superinfecting virus after moulting.
INTRODUCTION
Interference has been defined as the inability of an animal virus to replicate in a previously infected cell or animal (Johnston et al., 1974) . Although interference between mosquito-borne viruses has been demonstrated in cell culture on many occasions (Eaton, 1979; Igarashi, 1979; Lee & Schloemer, 1981 ; Newton et al., 1981) and in mosquitoes on a few occasions (Peleg, 1975; Davey et al., 1979; Beaty et ak, 1983) , interference between tick-borne viruses has only rarely been studied, and only in vitro (Rehacek, 1976 (Rehacek, , 1987 Leake et al., 1980) . In this paper, in vivo interference between tick-borne viruses in naturally infected tick vectors is demonstrated for the first time.
The study was undertaken to determine whether homologous interference to superinfection by Thogoto (THO) virus could occur in the three-host ixodid tick, Rhipicephalus appendiculatus, and under what conditions. Each developmental stage of a three-host tick (larva, nymph and adult) normally takes only a single blood-meal, but under certain conditions ticks may be interrupted when feeding and transferred to a second host to complete their engorgement. 'Interstadial' interference occurs when ticks infected orally in one developmental stage are refractory to infection in a later stage; 'intra-stadial' interference occurs when ticks infected orally by partially feeding on a viraemic host are refractory to superinfection when completing engorgement in the same stage on a second viraemic host. In the experiments described below, nymphs were dually infected either by 'trans-stadial' infection followed by per os infection (to test for inter-stadial interference), or by interrupted feeding, that is, with an interval between feeds of shorter than 24 h or lasting for 10 days (to test for intra-stadial interference).
THO virus is a tick-borne virus (Davies et at., 1986 ) that shares structural and morphogenetic properties with the influenza viruses (Orthomyxoviridae) (Clerx et al., 1983) . It has been isolated from a variety of ixodid tick species throughout Central Africa, Southern Europe and the Middle East. Evidence of THO virus infection has been demonstrated in a wide range of mammals, including man (reviewed in Davies et al., 1986) .
Like the influenza viruses, THO virus possesses a segmented genome of negative-sense ssRNA (Clerx et al., 1983) . Reassortment of THO virus temperature-sensitive (ts) mutants has previously been demonstrated in the tick vector, R. appendiculatus . Wildtype (wt) reassortant virus was isolated from only 12~ of nymphs dually infected by interrupted feeding, and recombination frequencies in those nymphs in which reassortant virus was detected ranged from 2.0 to 10.0~ . The results described below indicate that interference probably contributed to the relatively low levels of reassortment detected in dually infected ticks.
METHODS
Virus and cell cultures. The SiAr 126 isolate of THO virus (Albanese et al., 1972) was obtained from Dr R. E. Shope (Yale Arbovirus Research Unit, New Haven, Conn., U.S.A.) as an infected suckling mouse brain extract. The virus was grown in BHK-21 cells, maintained in Eagle's MEM supplemented with 3 ~ newborn calf serum. Plaque assays were performed in Veto cells as described by Davies et al, (1986) . A spontaneous ts mutant, tsI-16, and the wt virus were used in the experiments. Titrations were carried out at 35 °Camd 40 °C, the respective permissive and non-permissive temperatures for the ts mutant . Virus titres were expressed as log~o p.f.u, of THO virus and geometric means of the virus titres (+ s.~.M.) were calculated for each series of replicates.
Inoculation of hamsters with THO virus. Syrian hamsters, 6 to 8 weeks old (supplied by the Physiology Department, University of Oxford, U.K.), were inoculated subcutaneously with THO virus (5000 p.f.u, of tsI-I 6 or 500 p.f.u, of wt virus). Samples of whole blood (0-1 ml) obtained by cardiac puncture from anaesthetized hamsters were diluted in 0.9 ml Eagle's MEM containing 10~ newborn calf serum and titrated in Vero ceils incubated at 35 °C and 40 °C. Virus titres in hamster blood peaked on day 3 to 4 at approx. 7 log~0 p.f.u./ml, after which the hamsters died (Davies et al., 1986) .
Ticks. Unfed R. appendiculatus ticks (larvae, nymphs and adults) were initially supplied by Dr M. Matthewson (Cooper Laboratories, Berkhamsted, U.K.) from a colonized stock that had been maintained for 5 years. A laboratory colony was established by feeding the ticks on female Dunkin Hartley guinea-pigs (average weight 400 g) on which the ticks were retained within Neoprene cells until they were engorged (4 to 5 days for larvae, 5 to 9 for nymphs and 10 to 14 for adults) (Jones et al., 1988) . Following engorgement, ticks were maintained at 28 °C in perforated tubes held within desiccators at a relative humidity of 80%
Inter-stadial interference: dual infection of nymphs involving trans-stadial and per os infection. An experiment was carried out to test whether ticks infected orally in one developmental stage were refractory to homologous infection in a later stage, i.e. inter-stadial interference. The primary infection was with the ts mutant and the challenge was with the wt virus.
Pools of 200 to 300 larvae were infected orally by feeding on four hamsters that were inoculated with ts virus 1 day after tick attachment. Blood samples taken on day 4 following tick attachment confirmed that the hamsters were viraemic and that the virus was ts (mean titre was 7-0 and < 2 log p.f.u./ml at 35 °C and 40 °C, respectively). Pools of 10 larvae from each hamster were titrated on day 10 post-engorgement to confirm that the larvae were infected with ts virus (mean titre was 3.1 and < 1 log p.f.u./tick at 35 °C and 40 °C, respectively). On day 24 to 25 after larval engorgement and following moulting, batches of 60 nymphs were allowed to feed on guinea-pigs for 3 to 4 days. Nymphs that could be recognized as partially fed were then transferred to four hamsters to feed for a further 2 to 3 days. These hamsters had been inoculated with wt THO virus, 1 to 2 days prior to tick transfer. Ten to 15 nymphs per cohort were individually homogenized and titrated on days 0 and 12 post-harvest (cohorts 1 to 4 in Table 1 ).
It was essential to feed nymphs partially before oral superinfection on hamsters, as infected nymphs may induce a viraemia in their host (Davies et al., 1986) . This could lead to virus interference in the hamsters, or host death prior to tick engorgement. Guinea-pigs, rather than hamsters, were used for partial feeding because they give a better yield of surviving semi-engorged ticks.
In the first control experiment, nymphs infected with ts virus (as above) were transferred onto uninfected hamsters to engorge after partially feeding on a guinea-pig (cohorts 5 to 6). In the second control experiment, batches of 60 similarly aged uninfected nymphs were allowed to engorge on hamsters viraemic with wt virus after partially feeding on guinea-pigs. These ticks were also titrated on days 0 and 12 post-engorgement (cohorts 7 to 9). Blood samples were taken from all hamsters involved to determine the titre and phenotype of the virus in their blood.
IP: 54.70.40.11
On: Tue, 18 Dec 2018 22:20:37 Viral interference in R. appendiculatus 2463
Intra-stadial interference: dual infection of nymphs by interrupted feeding. A second series of experiments was carried out to test whether nymphs infected orally by partially feeding on a viraemic host were refractory to homologous superinfection when allowed to feed to repletion in the same stage on a second viraemic host, i.e. intra-stadial interference. As before, the primary infection was with ts virus and the challenge was wt virus. The period between feeds (the 'interruption interval') was either shorter than 24 h or lasted for 10 days.
Batches of approximately 60 uninfected nymphs were allowed to feed for 4 days on 13 hamsters. Ten of the hamsters were inoculated with ts virus on the same day as tick attachment. The uninfected hamsters were sacrificed on the same day that the infected ones died (day 4). The partially fed nymphs from all 13 hamsters were maintained in separate pools, according to the hamster on which they had fed. Half of the nymphs in each batch were transferred immediately onto a second hamster to feed for a further 2 to 3 days. The infected nymphs (cohorts 10 to 12 in Table 2 ) were transferred onto three hamsters, two of which (the hosts of cohorts 10 to 11) had been inoculated with wt virus one day prior to tick transfer. The uninfected nymphs (cohort 13) were also transferred onto a hamster previously inoculated with wt virus. All nymphs were harvested as they detached and 10 ticks from each cohort were individually titrated on day 0 and day 12 post-engorgement.
The other half of the partially fed nymphs were maintained at 28 °C for 10 days. Following this interval, these ticks (cohorts 14 to 17) were treated in exactly the same way as the first batch; they were allowed to feed on four hamsters, three of which had been inoculated with wt virus 1 day prior to tick transfer. Ten ticks from each cohort were individually titrated on days 0 and 12 post-engorgement. Blood samples were taken from all the hamsters involved to determine virus titres and phenotypes. The proportion of dually infected ticks in which complete interference had taken place was calculated by recording the percentage of ticks (on day 12 post-engorgement) in which DS[35/40] was more than 2 log10 p.f.u. (i.e. the percentage of ticks in which wt virus was not detectable).
Feeding infected ticks on hamsters. A sample of 12 adults moulted from nymphs dually infected by interrupted feeding (cohort 14 in Table 2 ) were allowed to feed on uninfected hamsters (43 days after nymphal engorgement). A similar sample of adults from cohort 16 (Table 2) , singly infected as nymphs with ts virus, and a sample of adults from cohort 17 (Table 2) , singly infected as nymphs with wt virus, were also allowed to feed on uninfected hamsters. Blood samples were taken from all three hamsters from day 4 after tick attachment and titrated at 35 °C and 40 °C.
RESULTS

Inter-stadial interference
Larvae were infected orally with ts virus and, after moulting, the nymphs (cohorts 1 to 4 in Table 1 ) were superinfected orally with wt virus. On day 0 post-engorgement, the value D[35/40] + S.E.M. for 45 such nymphs was 0-3 + 0.1 log10 p.f.u./tick. This demonstrates that in addition to ts virus, all ticks in cohort 1 to 4 had taken up wt virus in their blood-meal. However, after 12 days, for 60 nymphs from the same cohort D[35/40] + S.E.M. was 2-3 + 0.1 loglo p.f.u./tick. This represents a significant increase since day 0 [t = 18.1; degrees of freedom (d.f.) = 101; P < 0.0001 ], indicating that wt virus replication was inhibited by prior infection with ts virus. In contrast, for uninfected nymphs engorged on hamsters viraemic with wt virus (cohorts 7 to 9), the result on day 12 was 0.4 loglo p.f.u./tick, significantly less than for cohorts 1 to 4 (t = 9.532; d.f. = 81; P < 0.0001). The ts virus retained its phenotype in control nymphs which had engorged on uninfected hamsters (cohorts 5 to 6).
An alternative way to analyse the data is to calculate the percentage of ticks in which D[35/40] is less than 2.0 log~0 p.f.u. (i.e. the percentage of ticks in which wt virus is detectable). On day 0, wt virus was detectable in all of the nymphs in cohorts 1 to 4, but on day 12 only ts virus was detectable in 74 ~ of nymphs (Table 3 ). These results indicate that complete interference of wt virus replication occurred in 74~ of ticks trans-stadially infected with ts virus. t Larvae engorged on a hamster (A), which was infected with a ts mutant; after moulting, nymphs were fed on a guinea-pig for 3 to 4 days, and then transferred to a hamster (B), infected with wt virus, on which the ticks fed to repletion. In the control experiments (cohorts 5 to 9) either hamster A or hamster B was uninfected.
:~ Geometric means of nymph virus titres on day 0 or day 12 post-engorgement. A total of 213 nymphs were individually titrated. § D[35/40] represents the mean difference between the titre at 35 °C and the titre at 40 °C. II (-) denotes < 1 loglo p.f.u./tick. ¶ ~D, Not determined.
Intra-stadial interference
Nymphs were dually infected with ts and wt viruses by interrupted feeding. The interruption interval, between feeding on a hamster viraemic with ts virus and feeding on a hamster viraemic with wt virus, was either shorter than 24 h or lasted for 10 days.
Interruption interval shorter than 1 day
When the interruption interval was shorter than 24 h, the value D[35/40] + S.E.M. for dually infected nymphs immediately after engorgement was 0-8 + 0.2 log10 p.f.u./tick (cohorts 10 and 11 in Table 2 ) and wt virus was isolated from most of the nymphs (Table 3 ). However, after 12 days, this result for nymphs from the same cohort had increased to 3.1 + 0.2 loglo p.f.u./tick (Table 2) , and only ts virus was detected in 84 ~ of nymphs (Table 3 ). These results indicate that complete interference occurred in 84~o of infected nymphs when the interruption interval was less than 1 day.
In the first control experiment, nymphs orally infected with ts virus, and then transferred partially fed to an uninfected host, retained their virus infection for at least 12 days and the virus remained ts in phenotype (cohort 12 in Table 2 ). In the second control experiment, uninfected nymphs, partially fed on hamsters, ingested wt virus when feeding to repletion on a viraemic hamster (infected with wt virus) and wt virus was detected in the nymphs 12 days later (cohort 13 in Table 2 ).
Interruption interval of 10 days
When the interruption interval was 10 days, the value D[35/40] + S.E.M. for dually infected nymphs immediately after engorgement was 0.7 + 0.2 loglo p.f.u./tick (cohorts 14 and 15 in Table 2 ), and virus with the wt phenotype was isolated from 95~ of the nymphs (Table 3) Table 1 footnotes. t Nymphs were fed on a hamster (A) infected with a ts mutant, for 4 days, and then transferred after an interval oft days (t = 0 or 10) to a second hamster (B), infected with wt virus, on which they fed to repletion. In the control experiments (cohorts 12, 13, 16 and 17), either hamster A or hamster B was uninfected.
~: Geometric means of nymph virus titres on day 0 or day 12 post-engorgement. A total of 154 nymphs were individually titrated. Tables 1 and 2. t Ticks in stage A were infected orally with a ts mutant. After moulting, or after an interruption interval (of 0 or 10 days) they were superinfected with wt virus in stage B.
:~ Proportion of infected ticks (titrated on day 0 or day 12 post-engorgement) in which the virus titre at 35 °C was more than 100-fold that at 40 °C, i.e. the proportion of ticks in which only ts virus (but no wt virus) was detectable.
interval was 10 days. In control experiments, virus isolated from nymphs singly infected with ts virus (cohort 16), or with wt virus (cohort 17), retained the appropriate phenotype from day 0 to day 12 after nymphal engorgement (Table 2) .
Virus transmission by adults moulted from dually infected nymphs
Forty-three days after nymphal engorgement, adults which had moulted from nymphs infected by interrupted feeding (cohorts 14 to 17 in Table 2 ) were allowed to feed on uninfected hamsters. Feeding by 12 adults (five females, seven males from cohorts 14 to 15) induced viraemia in a hamster by day 6 post-attachment, with a maximum titre of 6-7 (at 35 °C) and 2-0 (at 40°C) log10 p.f.u./ml. Thus these ticks (in which interference had previously been demonstrated) transmitted ts virus to a hamster.
When 13 adults (seven females, six males from cohort 16), singly infected with ts virus, were allowed to feed on an uninfected hamster, viraemia was induced in the hamster, with a virus titre in the blood (on day 8 post-attachment) of 7.8 (at 35 °C) and 2.0 (at 40 °C) lOgl0 p.f.u./ml. Thus these ticks also transmitted ts virus to a hamster.
Finally, when eight adults (three females, five males from cohort 17), singly infected with wt virus as nymphs, were allowed to feed on an uninfected hamster, viraemia was induced in the c.R. DAVIES, L. D. JONES AND P. A. NUTTALL hamster with a virus titre in the blood (on day 6 post-attachment) of 6-8 (at 35 °C) and 6-4 (at 40 °C) loglo p.f.u./ml. Thus these ticks transmitted wt virus to a hamster.
DISCUSSION
Homologous interference to oral superinfection was demonstrated in R. appendiculatus nymphs orally or trans-stadially infected with THO virus. Complete interference was detected in 78~ of infected nymphs; there was no significant difference between the levels of interference in trans-stadially or orally infected ticks. In ticks dually infected by interrupted feeding, increasing the interval between feeds from shorter than 24 h up to 10 days had no effect on the ability of the challenge wt virus to replicate. Pools of dually infected ticks, in which intrastadial interference had been demonstrated, failed to transmit the superinfecting virus after moulting. This is the first reported incidence of virus interference in ticks infected by natural means. The few previous reports of interference between tick-borne viruses were all concerned with dual infections of cell cultures. Interference between tick-borne encephalitis and Kemerovo viruses was induced following the simultaneous inoculation of a primary cell culture of Hyalomma drornedarii (Rehacek, 1976) . However interference was not observed when the viruses were inoculated at intervals of more than 3 days. Similarly, mutual interference between tick-borne encephalitis and Lipovnik viruses was demonstrated in a continuous H. dromedarii cell line following simultaneous inoculation, but not when the interval between virus inoculation was 3 days (Rehacek, 1987) . Finally, homologous interference against superinfection by louping ill virus was observed in a continuous R. appendiculatus cell line (Leake et al., 1980) . Heterologous interference between louping ill and Semliki Forest viruses was not detected.
The results with THO virus indicate that interference can occur within 24 h following an infective blood-meal, and thus the site of interference in the tick is probably the first organ in which virus replicates, presumably the cells lining the gut (Jones et al., 1989) . The same site has been proposed for virus interference in mosquitoes (Sundin & Beaty, 1988) , using a similar argument. However the frequent observations of virus interference in mosquitoes dually infected by inoculation (Rozeboom & Kassira, 1969; Davey et al., 1979 Davey et al., , 1982 Beaty et al., 1983) indicate that interference in mosquitoes does not occur exclusively in the midgut (as the gut is bypassed by parenteral inoculation).
The major significance of interference between genetically compatible viruses in ticks is that it acts as a mechanism for limiting the frequency of reassortment. However complete interference to superinfection was not detected in all ticks infected with THO virus; hence the potential for reassortment exists even in ticks orally infected by different viruses in consecutive feeding stages. There are many possible explanations for incomplete interference. For example, the initial infection of a tick with ts virus may be limited to a subset of susceptible cells in the gut wall.
The second potential effect of interference is to influence the geographic distribution of viruses. Heterologous interference, which has been demonstrated between closely related viruses in orally infected mosquitoes (Sabin, 1952; Altman, 1963; Sundin & Beaty, 1988) , was once suggested as an explanation for the limited geographical overlap between yellow fever and dengue viruses (Sabin, 1952) , and between Japanese encephalitis and Murray Valley encephalitis (MVE) viruses (Altman, 1963) . In this context, Davey et al. (1982) noted that heterologous interference in Culex annulirostris mosquitoes dually infected by inoculation was only observed between aUopatric pairs of flaviviruses (e.g. MVE and West Nile viruses) and not between sympatric pairs (e.g. MVE and Kunjin viruses). These results are consistent with the hypothesis that allopatric virus distributions can be determined by interference.
The current conventional wisdom concerning mosquito-borne arboviruses is that the low rates of infection in field-caught mosquitoes, coupled with the short life span of mosquitoes, preclude the possibility of frequent dual infections in nature. Thus interference is unlikely to influence virus ecology (Lam & Marshall, 1968; Rozeboom & Kassira, 1969) .
Although heterologous interference has yet to be demonstrated in ticks, the possibility that interference plays a role in structuring tick-borne virus communities is greater than for mosquito-borne viruses, given the long life span of ticks, throughout which they remain persistently infected, and also the need for ticks to take at least three blood-meals to complete their life cycle. Vertical transmission, a common feature of tick-borne viruses, may also lead to interference. This has already been demonstrated for mosquito-borne viruses. Superinfection was prevented in Aedes dorsalis mosquitoes vertically infected with California encephalitis virus (Turrell et al., 1982) . Similar investigations need to be carried out in ticks.
